1. Liquid-associated bacteria (LAB) were harvested from the liquid phase (LABI) and from the solid phase of rumen contents after washing and manual shaking (LAB2). Solid-adherent bacteria (SAB) were recovered after washing and pummelling the total particles (SAB I). The distribution and the chemical composition of these three bacterial compartments were investigated in four dairy cows fitted with rumen fistulas. The animals received successively a diet consisting of one part hay and one part barley-based concentrate (diet C) and the same diet containing free soya-bean oil (79 g/kg dry matter (DM); diet So).
in diet C (190 g/kg DM) than in diet So (234 g/kg DM). Values averaged 595445 g/kg DM for particles smaller than 0.1 mm, but only 61 and 81-98 g/kg DM for particles retained on 4 and 0.4 mm sieves, and on a 0.1 mm sieve respectively. No significant differences were noted hetween diets but the effect of particle size was highly significant ( < 0 1 mm v. others).
5. Postprandial variations of concentrations of total SAR on total particles exhibited a large increase I h after feeding in diet So ( P < 0.05). Similar but amplified variations were observed for LAB in both diets ( P < 0.05).
6. Total bacterial mass amounted to 213 and 231 g DM/kg whole-rumen contents DM in diets C and So respectively 6 h after feeding. Mean percentages of total SAB (69.8), LAB1 (7.3) and LAB2 (22.9) in total rumen contents were not significantly modified by the lipid level of the diet.
Bacteria of rumen contents may be considered to form a heterogeneous system divided into three major compartments, as proposed by Czerkawski (1986) : compartment I , corresponding to free-floating bacteria in the liquid phase (liquid-associated bacteria, LAB); compartment 2, corresponding to a mixture of LAB associated with the solid phase and bacteria loosely adherent to the solid phase (solid-adherent bacteria; SAB) that can be detached by washing; compartment 3, corresponding to bacteria firmly adherent to the solid phase (SAB) that cannot be washed out.
During the last two decades, microbial synthesis in the rumen and the bacterial contribution to the nutrient flows at the duodenum have been calculated from marker ratios, as determined in purified LAB. However, recent investigations indicate that SAB are largely predominant in rumen contents (Forsberg & Lam, 1975 ; Wolstrup & Jensen, 1978 ;  Cheng, quoted by Czerkawski, 1986; Craig et al. 1 9 8 7~; Bauchart et al. 1989) and are probably present in the duodenal contents (Faichney, 1980) , which implies that the marker ratios should be determined also on SAB.
It has been fully demonstrated that the distribution of bacterial species is different in the SAB and LAB fractions isolated from rumen contents (Minato et al. 1966) and that the chemical composition (Czerkawski, 1976; Merry & McAllan, 1983; Bauchart et al. 1986 ) and the metabolic functions (Latham, 1980; Williams & Strachan, 1984) of these two populations are very distinct. Moreover, the concentrations of SAB in feed particles appear to be controlled by the chemical composition of the diets. Thus, the attached population is increased by high levels of soluble carbohydrates which promote extracellular bacterial slime involved in the attachment of bacteria (Cheng et al. 1977) . On the other hand, it is suggested !hat the attachment would be reduced by fat, which physically coats the particles (Devendra & Lewis, 1974) and would also be responsible for the decrease in organic matter and cellulose digestion in the rumen. However, selective inhibition of microbial attack by triglycerides or free fatty acids, or both, might be more important than the coating of particles (0rskov et al. 1978) .
Difficulties experienced in detaching pure SAB samples from solid material in digesta account for the ,:xistence of numerous techniques of fractionation : physicochemical treatments using the properties of surfactants or salts in association with chilling or washing (Minato et al. 1966; Akin, 1980; Dehority & Grubb, 1980; Craig et al. 1987a, b) as well as mechanical treatments such as homogenizing alone or in association with 'stomaching' (Mackie et al. 1983; Merry & McAllan, 1983) . However, the recovery of SAB obtained with these different extraction procedures has generally not been reported, which raises the question of the representativeness of those purified bacterial populations.
The objectives of the present study were to investigate the effects of adding a large amount of unprotected lipid (soya-bean oil) to the diet of dairy cows (79 g fatty acids/kg dry matter (DM)) on the attachment of rumen bacteria to dietary particles. The initial step was to determine the efficiency of removal of SAB from rumen particles using a combination of an homogc nizing and stomaching treatment, and the effect of cooling or the addition of a surfactant (Tween 80) on this procedure. A further objective was to determine the extent of attachment of SAB in relation to particle size. Finally, the postprandial variations of the different bacterial compartments in rumen digesta were investigated.
Part of this work was presented at the 3'' Annual meeting of the French National Institute of Agronomical Research (INRA) on feeding and nutrition of herbivores (Paris, March 1987) and was published as abstracts (Bauchart & Legay-Carmier, 1988; LegayCarmier & Bauchart, 1988) .
M A T E R I A L S A N D M E T H O D S

Animals and diets
Four lactating Friesian x Holstein cows were each fitted with a permanent cannula (internal diameter (i.d.) 110 mm) in the dorsal sac of the rumen as described by Lefaivre & Fllchet (1983) . Two diets, provided by the Dievet Society (27100 LeVaudreuil, France) were used: a basal diet consisting, on a DM basis, of 500 g second-cut natural-grass hay and 500 g concentrate mix (diet C) and the same diet supplying 79 g unprotected soya-bean oil/kg diet (diet So) (Tables 1 and 2 ). This oil, stabilized by the addition of an antioxidant (butyl hydroxy-toluene; 1 g/kg DM concentrate), was introduced in the basal concentrate mix (Table 2) by impregnation on sugar-beet pulp.
DM allowances were calculated according to individual metabolizable energy (ME) requirements (INRA, 1978) . DM intakes amounted to 12-7 and 14.1 kg/d for diets C and So respectively. Diets C and So contained (/kg DM) 28.6 and 25.9 g nitrogen, 16.3 and 89.5 g fatty acids, 11.1 and 12.4 MJ ME respectively. Each diet was offered to two cows at (Vermorel, 1978) . a time, according to a replicated 2 x 2 Latin-square design. Each experimental period consisted of 3 weeks of adaptation followed by 2 weeks of measurement. Feed was given in two equal meals daily at 08.00 and 16.00 hours.
Collection and treatments of digesta Trial 1. The first trial was designed to compare the effects of cooling or the addition of a detergent (Tween SO), or both, on the efficiency of removal of SAB from feed particles sampled from rumen contents. Representative samples (7 kg fresh material) of rumen digesta were collected at three depths using a sampling tube (id. 50 mm, length 800 mm) 1 h after feeding, that is when bacterial contents were highest. The procedures for preparation and treatments of the liquid and solid phases and their associated bacteria are shown schematically in Figs. 1 and 2 . Samples of rumen contents were squeezed through wire 
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gauze (1 mm mesh). The liquid phase was centrifuged at 500g for 30 rnin at 4" (MSE Mistral 6 litres; rotor 6 x 1 litre) to isolate particles which were added to the solid material retained on the wire gauze, which constituted total particles of the rumen contents (Fig. I) . Total particles were washed by manual shaking in a 1 litre bottle three times for 1 rnin in saline solution (9 g sodium chloride/l; 100 g fresh material/100 ml) to remove freefloating bacteria of the liquid phase associated with the particles (LAB2) and were then centrifuged at 500 g for 30 rnin at 4". The washed particles were weighed and divided into four equal portions (subsamples 1 4 ) (Fig. 2) .
SAB of the subsamples were harvested according to a method proposed by Merry & McAllan (1983) . Particles were suspended in saline (100 g washed particles/320 ml) and homogenized three times for 1 rnin using a Waring Blendor. The homogenate was pummelled for 5 rnin in a Colworth Stomacher 400 (A. J. Steward & Co. Ltd, London) using sterile polyethylene bags (1 80 x 300 mm) and squeezed through seven layers of surgical gauze. Solid residue was rinsed in saline (100 g/100 ml) and squeezed, as described previously, through surgical gauzes at the end of the procedure. Filtrates 1 and 2 ( Fig. 1) were pooled and centrifuged at 500 g for 30 min. The supernatant fraction was centrifuged at 27OOOg for 40min at 4" (Kontron H401; rotor A6.14 6x250ml) for isolation of SABl which were freeze-dried and weighed (Fig. I) .
Treatments of the four subsamples differed in respect of the temperature conditions and the composition of the solution used in the homogenization of particles (Fig. 2) . Subsamples 1 and 2 were homogenized and treated without delay at room temperature, and subsamples 3 and 4 were homogenized and then stored at 4" for 6 h before subsequent treatments. Subsamples 1 and 3 were homogenized in saline and subsamples 2 and 4 in a solution of Tween 80 in saline (1 g/ 1).
SAB concentrations and the efficiency of detachment of these bacteria from particles were determined from diaminopimelic acid (DAPA ; see p. 730) concentrations in total washed particles before and after homogenizing and stomaching, and in the removed bacteria, assuming that this population (SABI ) was representative of that in the particles (SABI + SAB2).
Trial 2. The objectives of this part of the study were to compare the concentrations of SAB and the efficiency of detachment from rumen particles of different sizes. From 1 kg fresh rumen contents collected 1 h after feeding, total particles (including residual particles) were prepared according to the procedure described in trial 1 (Fig. 1) . Particles (50 g) were separated by size by wet sieving for 5 rnin according to Grenet (1966) , using saline as the washing solution. Sieve sizes (corresponding to mesh size) were successively 4, 2, 0.8, 0.4 and 0.1 mm. Particles smaller than 0.1 mm, suspended in the effluent solution (effluent particles; EP), were isolated by centrifugation at 500g for 30 min, and the supernatant fraction containing free-floating bacteria was discarded. SAB were detached from the different classes of particles (including EP; < 0.1 mm) according to the reference treatment used in trial 1 (Fig. 1) .
Particle distribution was determined by weighing after drying at 80" for 48 h. Calculations of the SAB concentrations and efficiency of detachment of these bacteria from each class of particles were the same as in trial 1.
Trial 3. Postprandial variations in SAB and LAB in rumen contents were determined during a 6 h period starting from the initiation of feeding.
Rumen contents were sampled (1200 g fresh material) as described for trial I, just before feeding and 0.5, 1.5, 2.0, 4.0 and 6.0 h after feeding. They were fractionated into solid and liquid phases by squeezing, and weighed. Residual particles of the liquid phase, isolated as in trial 2, were added to the solid phase and washed in saline to remove LAB2 (Fig. 1) .
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LABl and LAB2 were estimated by weighing after centrifugations at 500 g for 30 min and 27000 g for 40 min, as described in Fig. 1 ; bacteria were washed with distilled water and freeze-dried. The SAB concentrations in the washed particles were determined in terms of DAPA.
At the end of each experimental period, the rumen was emptied manually 6 h after feeding to determine the partition of bacteria in the different compartments of rumen contents. Different parts of the rumen contents were weighed and sampled by preparing representative portions which corresponded to 0.5 % of each part of the rumen contents. Solid and liquid phases were then separated by squeezing in order to determine their respective proportions in the whole rumen contents. The concentrations of total SAB were calculated from DAPA concentrations in total washed particles as described for trial 1, and the concentrations of LABl and LAB2 were determined by weighing after centrifugations as described previously for trial 3.
Chemical analysis
The DM content of food particles and bacteria was determined by drying at 80" for 2 d. Freeze-dried samples of feed particles and bacteria were analysed for RNA by purine measurement according to the method of Zinn & Owens (1 986), as modified by Ushida et al. (1985) , and for total N using the macro-Kjeldahl method (Association of Official Analytical Chemists, 1980). DAPA content was determined according to the method of Mason & Bech-Andersen (1975) , modified by Colombier (1981) . Freeze-dried samples of bacteria (200 mg) and total particles (400 mg) were hydrolysed with 5.5 M-hydrochloric acid by refluxing at 120" for 24 h. The cooled hydrolysate was filtered first on a glass-sintered funnel (no. 4) and then on micropore (0.1 pm). Amino acids were separated by liquid chromatography using a 600mm column (i.d. 6mm) packed with Dowex 5 0~x 8 (100-200 mesh). A gradient buffer system consisting of 0.2 M-sodium citrate, pH 3.2, and 0.25 M-sodium citrate, pH 4.2, was used. Detection of DAPA was achieved at 420 nm using acid ninhydrin reagent.
The total lipids were extracted in chloroform-methanol (2: 1, by vol.; Folch et al. 1957 ) and then in hexane-ethanol-HCI (25: 10: 10 by vol.; Bauchart et al. 1984) and weighed. Total fatty acid content was determined by gas-liquid chromatography using heptadecanoic acid (C17:O) as an internal standard (Bauchart et al. 1987) .
Statistical validity of the differences between means was calculated using the U test (nonparametric method) of Mann & Whitney (1947) . The chemical composition of rumen bacteria was compared by two-way analysis of variance with diet and sample as the independant variables.
R E S U L T S
Chemical composition of SABI, LABl and LAB2
The chemical composition of purified SAB (SABI), LABl and LAB2 of rumen contents collected in equal amounts 0, 2, 4 and 6 h after feeding and treated as described for trial 3, is reported in Table 3 .
Marked differences between treatments for different constituents were observed for SABl on the one hand and LABl and LAB2 on the other hand for both diets C and So. Total DAPA, RNA and ash concentrations of SABl were lower than those of LABl and LAB2, and total lipids and fatty acids were twice as high (P < 0.01) in SABl as in LAB1 and LAB2.
The two-way analysis of variance showed that addition of unprotected soya-bean oil in the diet led to a large increase in total lipid and fatty acid contents ( P < 0.01) in the three bacterial populations (SABl, LAB 1 and LAB2). '.g,hP < 0.01.
https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19890158 Calculations of SAB concentrations in feed particles and their efficiency of detachment were done in the three trials from DAPA measurements. DAPA concentrations in purified extracted SAB were not significantly altered by the lipid content of the diets (Table 3) , the different treatment conditions to detach bacteria (trial I), the particle size (trial 2) or the postprandial time of collection of rumen digesta (trial 3). A mean value of 1-36 (SD 0.12) g DAPA/kg SAB DM was thus used for all subsequent calculations in three trials.
Trial I . Mean total SAB concentrations were 190 and 234g/kgDM of total rumen particles collected 1 h after feeding with diets C and So respectively. The efficiency of SAB detachment, using the reference treatment combining homogenizing and pummelling in saline at room temperature was 24.0 and 18.0% with diets C and So respectively (P < 0.05).
Treatments that used a saline solution containing Tween 80 (1 g/ 1) at room temperature (A) or saline at 4" (B) displayed opposite effects on the detachment of SAB compared with the reference treatment ( Table 4) .
The high lipid content of diet So increased the positive effects of cooling on the efficiency of SAB detachment with treatment B (P < 0.05) and treatment C (stored at 4", then saline with Tween 80 (1 g/l)) (not significant) and limited the negative effects of Tween 80 with treatment A (not significant).
Trial 2. The size distribution of feed particles in rumen contents collected 1 h after feeding is given in Table 5 . The major classes of particles were those retained on 4 and 0-1 mm sieves (204-22.6% of total particles DM) and the particles smaller than 0.1 mm (24.0% diet C, 29.8% diet So) with both diets. No significant differences in the size distribution of particles were observed between diets. DAPA concentrations averaged, for both diets, 0074, 0.093 and 0.120 g/kg DM of particles retained on 4 and 2 mm, 0 8 and 0.4 mm, and 0.1 mm sieves respectively. For particles smaller than 0.1 mm (EP), values were much greater than for particles held on the 0.1 mm sieve. Addition of soya-bean oil led to an 18.8 increase (P < 0.05) in DAPA concentrations in EP. Calculations of h.c.dP < 0.05, e.'P < 0.01. 
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3.7 EP, effluent particles.
Mean values with different superscript letters were significantly different: a.bP < 0.05, " P < 0.01 DAPA distribution in particles (Table 5) showed the importance of particles smaller than 0.1 mm (72.4 and 81.1 TO of total DAPA for diets C and So respectively). The mean SAB concentrations amounted to 0 1 g/kg DM of particles held on sieves with a mesh size greater than 0.4 mm for both diets (Table 5) , and the estimated concentrations of SAB were higher for particles held on the 0. I mm sieve (90 g/kg DM) and for particles smaller than 0.1 mm (620 g/kg D M ; P < 0.01).
The efficiency of SABl detachment decreased with particle size (Table 6) . It was highest for particles held on the 4 mm sieve (82.1 ' 340 diet C, 74.2 YO diet So) and was lowest for particles smaller than 0.1 mm (14.5 YO diet C, 11.7% diet So, P < 0.01).
Trial 3. The changes in the concentrations of total SAB in total particles in the rumen contents just before feeding and 0.5, 1, 1.5, 2, 4 and 6 h after feeding are shown in Fig.  3 . For diet So, the concentrations of SAB significantly increased between 0 and 1 h, and then significantly decreased between 1 and 2 h. In the same way, similar postprandial changes in the concentrations of LAB in the liquid phase of the rumen contents are shown in Fig. 3 .
SAB and LAB concentrations in samples taken 2-6 h after feeding had similar values to those before feeding irrespective of the diet.
The importance of the three bacterial compartments (total SAB, LABl, LAB2) in total rumen contents was determined quantitatively after complete rumen emptying, 6 h after initiation of feeding. Mean total rumen contents were 82 and 79 kg fresh material (FM) and consisted of 418 and 387 g of total particles (214 and 236 g/kg DM)/kg FM and 582 and 613 g of liquid phase (16 and 18 g/kg DM) (without residual particles)/kg FM for diets C and So respectively.
Total bacterial mass in the total rumen contents was estimated (see trial 3) from representative portions collected in different parts of the rumen (Table 7) . It averaged 1722 g DM for diet C and 1871 g DM for diet So (not significant). Total SAB represented (% of the total bacterial mass) 72.5 and 67.1, LABl 6.6 and 8.0 and LAB2 20.9 and 24.9 for diets C and So respectively (Table 7) .
DISCUSSION
Successive treatments of rumen contents by straining the fresh material and by washing, homogenizing and pummelling the particles, facilitated the isolation and characterization of distinct bacterial populations. Chemically, SAB and LAB were clearly different, as previously observed by Merry & McAllan (1983) and Bauchart et al. (1986) . In earlier work, Williams & Strachan (1984) reported a definite difference in the function of these two bacterial populations, the enzymes degrading plant cell-wall polysaccharides being more active in the SAB, and the non-structural soluble saccharides being metabolized more by the LAB.
On the other hand, the chemical composition of LAB2 was quite similar to that of LABl, which indicated that there may not be a specific population of bacteria loosely attached to feed particles. However, it is possible that these two populations of LAB have some distinct metabolic functions, as shown by Williams & Strachan (1984) , for enzyme degradation of polysaccharides. Compared with LAB, the lower RNA:N and DAP:N exhibited by SAB isolated from dairy cows (present experiment; Craig et al. 19876), or steers (Merry & McAllan, 1983 ) offered diets containing 35&500 g concentrate/kg, might stem from a lower growth rate of this population. This could result from a high density of SAB in feed particles, which would limit the utilization of substrates by these bacteria either by a poor diffusion to the centre of the colony (Bates et al. 1985) or by enzyme repression (McLoughlin, 1983) . Nevertheless, this poor net growth rate would probably be associated with a different turn-over rate of bacteria in the solid (Czerkawski, 1986) . Large amounts of lipids in SAB were likely to be due to high concentrations of lipids in particles and of microbial lipid precursors (fatty acids, acetate) in the immediate surroundings of those particles. In the same way, the fatty acid concentration which was three times higher in SAB than in LAB with the soya-bean oil diet, might have been the outcome of the preferential adsorption of dietary fatty acids onto feed particles and bacterial cells (Harfoot, 1981) , or of lipolysis.
In trial 1, homogenizing and stomaching rumen particles at 4" proved to be a more effective method of releasing SAB. The positive effect of chilling, previously observed by several authors (Minato et al. 1966; Minato & Suto, 1978 , Dehority & Grubb, 1980 , probably arises from breaking the attachment structure of bacteria (Dehority & Grubb, 1980) . On the other hand, the lowered removal rate of SAB with Tween 80 could be the result of the partial denaturation or lysis of different rumen species such as Bacteroides succinogenes, Ruminococcus albus and R. jfavefaciens (Minato & Suto, 1978) , which represent the largest part of the bacterial population in feed particles in rumen contents. Since SAB removal was calculated from DAPA in particles before and after treatment, it must be supposed that DAPA associated with bacterial membranes still remains on feed particles when the cells are lysed. The reduction in feed-particle size seemed to increase the amounts of SAB attached. In support of these results, organic matter degradation was shown to be inversely related to particle size as noted in sheep offered rye grass (Defaalla & Kay, 1980) and in cattle offered linseed meal (Ehle et al. 1982) or soya-bean (Weakley, quoted by Ehle et al. 1982) basal diets. Latham (1980) emphasized that bacterial adhesion is strongly stimulated by deep-seated cell wall components exposed in damaged areas on plant fragments. The elevated concentration of SAB on the smallest particles of rumen contents could be explained initially by the high frequency of damage sites on these fine particles. Additionally, Cheng er al. (1977) observed that bacteria attached to fine particles are surrounded by larger quantities of intercellular fibrous carbohydrate slime than when they are attached to larger particles. Cheng et al. (1977) showed that the bacterial production of slime, which mediates the attachment of the bacterium to the plant surface, is stimulated by the increased availability of soluble carbohydrates, mainly provided by the fine particles of the concentrate. Such factors might strengthen the adhesion of SAB onto small particles, and explain the low removal rate of SAB from these particles, as measured in our experiment. It is mainly these small particles, with their previously mentioned characteristics, that limited the extraction of SAB from total particles to 29.0 %, as measured in dairy cows (32 YO ; Craig et al. 1987 a ) and in sheep (40 % ; C. Poncet, personnal communication).
In the present experiment, the high level of polyunsaturated fatty acids (PUFA) in diet So did not decrease SAB concentration in feed particles, in fact a slight increase was observed. In the same way, organic matter digestion in the rumen was not significantly modified: 45.5 % (SD 2.4) diet C, 43.0 YO (SD 1.5) diet So (M. Doreau and D. Bauchart, unpublished results). The increase in SAB associated with the solid in diet So was probably not due to a reduction in the predatory capacity of protozoa for bacteria, since we have shown that soya-bean oil did not modify signifcantly the number of protozoa in the rumen fluid of the cows (Bauchart et al. 1989) , although they may have affected those in the solid. Large amounts of calcium (1 1.2 g/kg DM) were included in both diets, which could explain the absence of negative effects of PIJFA on SAB concentration and on rumen digestion of organic matter. Lipid supplementation of the diet usually leads to a net reduction in organic matter digestion in the rumen, especially with PUFA of fats such as soya-bean oil (McLeod & Buchanan-Smith, 1972) or linseed oil (Sutton et ul. 1983) . In vitro, PUFA inhibit the growth of cellulolytic (Maczulack et al. 1981) and methanogenic (Henderson, 1973) rumen bacteria by reducing the availabilhy of divalent cations by forming soaps (Bryant er al. 1959) .
In other respects, Ca intake being similar for both diets, the increase in the concentration of SAB in total particles with diet So must be related to the presence of soya-bean oil only. Several explanations are possible. First, preferential adsorption of dietary lipids on particles could enhance Ca concentration at this site and, thereby, stimulate the fixation of SAB by electrostatic attraction (Costerton et al. 1978; Latham, 1980) . Second, the intensive uptake of fatty acids by SAB with diet So, as described previously, could spare the energy expenditure required for the de novo synthesis of fatty acids by bacterial cells and, indirectly, stimulate production of slime. The latter is known to be under nutritional control (Berg et al. 1972; Cheng et al. 1977) .
The increase in the concentration of SAB and LAB just after feeding was probably due to a stimulation of bacterial growth, as previously described for LAB in cattle (Coto et al. 1983) . This bacterial growth needs large amounts of ATP (Bergen, 1979) produced from dietary substrates. This effect was more marked with the soya-bean oil diet, and might have the same origin as the increase in slime production with this diet.
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